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FOREWORD 


The  magnetostriction  study  reported  here  is  part  of  a  research  program  under¬ 
taken  to  determine  the  nature  of  the  magnetostriction  in  the  rare  ir'h-iron  inter- 
metallic  compounds.  In  this  report  is  detailed  the  temperature  dept adence  of  the 
magnetostrict  ion  for  a  series  of  Rl;e_  and  R  Fo,-  compounds.  Studies  were  made  as  a 
function  of  applied  field  at  various  temperatures  from  room  temperature  ‘ o  SO  k. 

In  the  RFe,  scries  Tbl-e,  possesses  the  largest  magnetostri  ct  i  ve  strain  with 
Xjl  -  =  990  x  10  at  room  temperature  and  1725  x  1 0-<>  at  SO  K.  Sml-'e.,  al¬ 

though  potentially  a  highly  magnetostri ct ivc  compound  possesses  a  strain  of  only 
-316  ppm  at  room  temperature  due  to  the  fact  that  the  easy  axis  of  magnetization  is 
along  the  c-axis. 

In  the  R^Fe,^  series  the  magneto-strains  of  Hr^l'c-,-  and  Tm(  l:e,-  increase  sub¬ 
stantially  with  decreasing  temperature ,  due  to  the  rapid  ordering  of  the  rare  earth 
sublattice.  The  strain  in  Er^le-,-  increases  nearly  7-fold  from  -57  ppm  at  300  k  to 
-392  ppm  at  80  K.  Tm  Fe,j  shows  a  nearly  10-fold  increase  from  -37  x  10  '  to  -362 
x  Kf(\ 

The  study  was  carried  out  in  the  Solid  State  Branch  of  the  Radiation  Division 
as  part  of  the  research  program  on  magnet ostr i ct i ve  materials.  The  research  was 
sponsored  bv  the  Office  of  Naval  Research  (PO-4-008 1 ,  NR  039-110)  and  the  NSK(! 
Independent  Research  Program  (IR-011). 


B.  F.  DliSAVAGi: 
By  direction 


fp 


1/2 


NSWC/WOL  TR  78-88 


CONTENTS 

Page 

INTRODUCTION  .  7 

EXPERIMENTAL  RESULTS  . 


A.  Rl-'e,  COMPOUNDS .  ') 

.*) 

B.  R, Fe0-  COMPOUNDS  .  11 

O  L  O 


3 


NSWC/WOL  TR  78-88 


ILLUSTRATIONS 

Figure  Page 

1  Room  temperature  magnetostriction  as  a  function  of  applied  field 

tor  various  RFe_  compounds .  14 

2  Room  temperature  magnetostriction  as  a  function  of  applied  field 

for  various  R  l:c,,  compounds .  IS 

3  Room  temperature  magnetostriction  as  a  function  of  applied  field 

for  various  R^Fe  compounds .  10 

4  Magnetostriction  as  a  function  of  applied  field  for  Tblc.  at 

various  temperatures . .  .  .  .  17 

5  Magnetostriction  as  a  function  of  applied  field  for  SmFe,  at 

various  temperatures . ‘ .  18 

0  Magnetostriction  as  a  function  of  applied  field  for  Dyl-e^  at 

various  temperatures . ‘ .  19 

7  Magnetostriction  as  a  function  of  applied  field  for  HoFc,  at 

various  temperatures . ' .  20 

8  Temperature  dependence  of  the  magnetostriction  for  Tbl-e  SmFe,, 

OyF'C^  and  lloFe  ( -  25  kOe,  ---  15  kOe) . .  .  .  .  .  21 

9  Magnetostriction  as  a  function  of  applied  field  for  l.rl'e^  at 

various  temperatures . ' .  22 

10  Magnetostriction  as  a  function  of  applied  field  for  TmFc_  at 

various  temperatures . ' .  25 

11  Temperature  dependence  of  the  magnetostriction  at  11  =  25  kOe 

for  FrFe3  and  TmFe^ .  24 

12  Magnetisation  as  a  function  of  applied  field  for  Tml-'e,  at  T  =  4.2, 

188  and  300  K . 3 .  25 

13  Temperature  dependence  of  the  magnetization  for  TmFe,  at  H  =  3, 

10  and  16  kOe . . .  26 

14  Magnetostriction  as  a  function  of  applied  field  for  llo  Fe,,  at 

various  temperatures . f  .  .  .  .  27 


4 


NSWC/WOL  TR  78-88 


15  Magnetostriction  as  a  function  of  applied  field  for  lir  Fe,j  at 

various  temperatures . .  t"  .  .  .  .  ’8 

16  Magnetostriction  as  a  function  of  applied  field  for  Tm^l-'e  , ,  at 

various  temperatures . 7‘ .  .  .  .  29 

17  Temperature  dependence  of  the  magnetostriction  at  H  =  25  kOe 

for  Ho  Fe17,  l'.r,Fe~,  and  Tm.l'e., .  5d 

6  23  6  2 j  6  2a 


TABLES 


Table 


Page 


I  Room  temperature  magnetostriction 


| 

_ _ 


"■r 


5/6 


NSWC/WOL  TR  78-88 


INTRODUCTION 

•  c--' 


Previous  work  on  the  cubic  Laves  phase  rare  earth-I-e',  compounds  has  shown  that 
these  materials  possess  enormous  magnetostriction  constants.  In  some  of  these  com¬ 
pounds  this  huge  strain  is  even  present  at  room  temperature.  Both  Thi  e''  and  Smi'e , 
possess  a  room  temperature  magnetostriction  j  A  J  ^  2000  ppm. 1 

Although  the  magnetostriction  of  the  RFe7  compounds  (R  =  Sm,  Tb,  l)y,  llo,  hr  and 
Tml  has  been  extensively  studied,^  4  little  attention  has  been  paid  to  the  magneto¬ 
striction  of  the  remaining  rare  earth-iron  intermetal 1 ie  compounds.  Here  we  report 
measurements  of  the  magnetostriction  of  the  RFe^  and  R^l-e-,^  compounds  from  room 
temperature  to  80K.  The  room  temperature  magnetostrictions  of  the  R^Fe,-  compounds 
were  also  investigated. 

In  the  rare  earth-iron  series  the  Curie  temperatures  are  the  highest  for  the 

^5 .  ft 

RFeJ  compounds  (560-710K}  ’  and  decrease  with  increasing  iron  concentration.  Just 

the  opposite  is  true  for  the  rare  earth-cobalt  and  rare  earth-nickel  series.^’ ^ 

-9— IS 

MOssbauer  effect  measurements  ~  have  been  reported  on  the  RFe,  series  at 
various  temperatures.  These  results  indicate  the  direction  of  the  magnetization 
in  these  compounds.  An  attempt  will  be  made  to  correlate  the  direction  of  the 
magnetization  with  the  behavior  of  the  magnetostriction  as  a  function  of  temperature. 
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l:\PFRIMFNTAI.  RFSIJt.TS 


lor  all  R,  the  magnitude  of  the  magnetostriction  at  room  temperature  in  the 

RFe-  and  R  l:c,.  compounds  is  smaller  than  that  in  the  Rl'e,  compounds.'  However,  as 

shown  in  Table  I,  the  trend  reverses  with  an  increase  in  the  magnitude  of  the 

magnetostriction  as  the  concentration  of  rare  earth  decreases  from  R  Fe,.  to  R,le,.. 

6  2  1 


TABU:  I.  Room  temperature  magnetostriction 
(A  -  Ax  )  x  1  ()"(>  at  25  kOc. 


R 

RFc7a 

RFc^ 

■V*23 

R2Ic1 

Sm 

-2340 

-316 

4. 

-95 

Tb 

2630 

95)1 

*  * 

-21 

i»y 

650 

514 

★  ★ 

-90 

llo 

120 

85 

88 

-  159 

Hr 

-445) 

-  103 

-57 

-83 

Tm 

-185 

-66 

-37 

-45 

a)  Compiled  by  A.  Clark.  Handbook  on  the  Physics  and  Chemistry  of  Rare  l.arths,  lid. 
K.  Ctschneider  and  I,.  F.yring,  North  Holland  Publishing  Co.  (15)79),  Volume  li. 

ft  The  compound  Sm^Fc  ^  does  not  form. 

**  Attempts  to  prepare  single  phase  TbftFc7j  and  l)yf  le7,  were  unsuccessful. 

figures  1-3  show  the  room  temperature  magnetostriction  as  a  function  of  applied 
field  fo  the  RFe  ,  R^Fc-,^  and  R7l;Cjy  scries.  Unexpected  results  were  obtained  for 
the  R,Fe  ^  compounds,  where  the  sign  of  the  magnetostriction  for  all  the  compounds 
was  negative.  The  only  exception  was  Tb7Fc  7  in  the  as-cast  (unannealed)  state, 
where  A  -  A^=  15)7  x  10  *’  at  II  =  25  k()e.  This  is  in  contrast  to  the  results  on  a 
lb  7 1 e 1 7  sample  after  annealing  which  yields  A  -  -21  x  10  at  25  kOe.  How¬ 

ever  examination  of  the  field  dependence  in  figure  5  of  the  annealed  specimen  does 
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give  some  indication  that  there  could  possibly  he  a  change  in  sign  tor  this  sample 
at  larger  fields.  The  R,  Fc  j  ^  compounds  crystalline  into  a  hexagonal  Th, Nip-type 
structure  for  R  =  Dy ,  Ho,  Er  and  Tm.  However,  Strnat  et  a  1 .  1  have  reported  that 
the  x-ray  pattern  of  Tb^FCp  displays  lines  belonging  to  this  hexagonal  structure 
as  well  as  a  rhombohedral  Th -,Zn  j type  structure,  with  the  hexagonal  form  being  the 
high  temperature  modification.  1'his  possibly  accounts  for  the  difference  in  the 
magnetostriction  observed  for  Tb7l:Cp  in  the  annealed  and  unannealed  state. 

A.  RFe,  COMPOUNDS 

The  RFe,  compounds  crystallize  into  a  rhombohedral  l’uNi_-type  stroture. 

Figure  4  shows  the  field  dependence  of  the  magnetostriction  at  various  temperatures 
for  TbFe.^.  This  compound  possesses  the  largest  magnet ost r i ct i ve  strain  in  the  RFe, 
series  with  a  room  temperature  A  „  -/A^  =  990  x  10  at  11  =  25  kOe.  Although  the 

basal  plane  is  easy  throughout  the  entire  temperature  range  with  the  magnetization 
9  10  l9 

along  a  b-axis,  ’  ’  “  the  lack  of  saturation  in  the  field  dependence  is  indicative 

of  the  large  magnetocrystalline  anisotropy  found  in  the  Th-Fc  intermctal 1 ics. 15 
Figure  8  shows  the  temperature  dependence  of  the  magnetostriction  at  11  =  15  and 
25  kOe.  The  strain  in  TbFe^  increases  monotonical ly  with  decreasing  temperature 
reaching  1725  x  10  6  at  80  K. 

The  magnetostriction  as  a  function  of  applied  field  for  SmFe,  at  various 
temperatures  is  shown  in  Figure  5.  While  highly  magnetostri ct i vc  at  the  lower 
temperatures,  A  ((  -  A^=  -1192  x  10  at  80  K,  SmFe^  possesses  only  a  moderate 
strain  of  -31b  ppm  at  300  K,  resulting  from  the  hard  basal  plane  (c-axis  easy)  in 

9 

this  compound.'  Although  there  has  not  been  any  determination  of  the  easy  axis  in 
SmFe^  below  room  temperature,  the  curves  in  Figure  5  do  show  a  substantially  larger 
strain  at  low  fields  below  T  =  150  K.  The  low  temperature  data  also  displays  a 

"knee"  in  the  curves  which  is  totally  absent  near  room  temperature.  The  temperature 

dependence  of  the  strain  of  SmFe^  at  H  =  15  and  25  kOe  is  shown  in  Figure  8.  SmFe, 
possesses  the  largest  negative  magnetostriction  in  the  RFe,  series. 

MOssbauer  effect  measurements  on  DyFe^  show  that  the  magnetization  rotates  out 
of  the  basal  plane  toward  the  c-axis  with  decreasing  temperature,  making  an  angle 
of  =  2b°  with  the  basal  plane  at  T  =  77  K.^ This  accounts  for  the  behavior  of 
the  magnetostriction  displayed  in  Figure  8.  The  room  temperature  strain  at 
H  =  25  kOe  was  found  to  be  540  x  10  (l  with  a  peak  in  the  magnetostriction  of  5o5  ppm 

occurring  at  T  =  270  K.  The  rotation  of  the  moment  out  of  the  basal  plane  results 
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in  a  decrease  in  A  below  this  temperature .  Near  100  k  the  magnetostriction  reaches 
a  minimum  of  265  ppm  and  then  begins  to  increase  in  value  with  further  temperature 
reduction  as  rotation  of  the  moment  ceases.  The  strain  vs.  field  curves  in  Figure  6 
for  Dvl'e^  saturate  fairly  well  at  room  temperature  but  as  the  temperature  is  reduced 
the  curves  become  "harder"  as  the  moment  pulls  up  out  of  the  basal  plane.  At  the 
lowest  temperature  measured  T  =  65  K  the  magnetostriction  once  again  saturates, 
giving  further  evidence  that  the  moment  has  ceased  its  rotation. 

A  change  in  the  easy  axis  of  magnetization  has  also  been  observed  in  HoFe,.  In 

this  compound  the  Mtissbauer  effect  reveals  that  near  100  k  a  spin  reorientation 

occurs,  with  the  magnetization  moving  from  a  b-axis  to  an  a-axis  as  the  tempo r  it  lire 
i)  K) 

is  lowered.  ’  Figure  7  shows  the  magnetostriction  as  a  function  of  applied  field 
for  HoFe.  at  various  temperatures.  The  temperature  dependence  of  the  magnetostric¬ 
tion  at  II  =  15  and  25  kOe  is  shown  in  Figure  8.  The  magnetostriction  of  Hole, 
remains  small  over  the  entire  temperature  range  in  spite  of  the  fact  that  the 
magnetization  remains  in  the  basal  plane.  At  room  temperature  we  find  A  -  \^=  85 
x  10  *’  at  25  kOe.  Below  T  =  225  K  the  strain  vs.  field  curves  become  magnetically 
"harder",  while  in  the  temperature  region  175  K  -»  T  >  125  K  the  high  field  magneto¬ 
striction  is  temperature  independent.  This  behavior  is  presumably  a  result  of  the 
intermediate  direction  of  the  magnetization  at  these  temperatures.  Saturation,  as 
well  as  an  increase  in  A,  again  occurs  at  temperatures  below  100  k,  with  A  -  A^ 

=  185  x  10‘6  at  T  =  80  K. 

The  magnitude  of  the  strain  in  F.rFe^  was  found  to  undergo  the  largest  change 
of  any  of  the  RFc^  compounds.  Figure  11  shows  that  the  magnetostriction  at  II  =  25 
kOe  increases  nearly  6-fold  from  -105  ppm  at  500  K  to  -595  ppm  at  80  k.  lirFe 
possesses  a  compensation  point  in  its  magnetic  moment  at  T  =  259  k.  This  is  re¬ 
flected  in  the  sharp  "dip"  in  the  magnetostriction  at  this  temperature  with  an 
accompanying  change  in  sign.  The  RFc^  compounds  previously  discussed  (with  the 
exception  of  SmFe also  possess  compensation  points  but  they  all  occur  above  room 
temperature.  The  magnetostriction  as  a  function  of  applied  field  for  FrFe^  at 
various  temperatures  is  shown  in  Figure  9.  Below  the  compensation  temperature  the 
curves  do  not  saturate  with  the  available  fields.  Neutron  diffraction  measurements'*1 
have  determined  that  for  T  >  50  K  a  complex  noncol linear  magnetic  structure  occurs 
in  1-rFe^.  The  moments  on  the  two  inequivaient  Fr  sites,  rather  than  being  parallel, 
are  oriented  toward  the  c-axis  and  the  basal  plane  respectively.  All  le  moments  are 
considered  to  be  equal  and  parallel  and  are  located  *  56°  from  the  e-axis. 
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The  temperature  dependence  of  the  magnetost ri ct  ion  of  lmle,  is  complex.  as 
in  Figure  11.  The  room  temperature  strain  of  -65  ppm  is  the  smallest  of  the  RK-- 
series.  Below  TOO  K  the  magnitude  of  t  he  magnetost r i ct i on  begins  increasing  as  the 
temperature  is  lowered,  reaching  a  maximum  negative  strain  of  -525  x  10  '  at  1 "3  k. 
At  this  point  the  magnetostriction  decreases  in  magnitude  with  further  temperature 
reduction  until  T  =  100  k,  where  *  was  found  to  remain  constant  with  temperature 
until  a  compensation  point  at  ~8  K  causes  a  sign  reversal.  lol lowing  thi',  tin 
magnitude  of  the  strain  increases  rapidly  with  temperature  reaching  -  1 ”0  *  In  '  at 
59  K,  the  lowest  temperature  measured.  figure  10  shows  the  field  dependence  at'  the 
magnetostriction  at  various  temperatures  for  linle..  Below  1  "3  k  th  rain  \s. 
field  curves  become  increasingly  harder  to  saturate  w i th | • | decreas i ng  with  tempera 
ture  for  all  field  values.  At  the  lowest  temperature  measured  T  -■  39  k,  I  i  gure  10 
shows  that  ;i  large  spontaneous  magneto- strain  of  -100  ppm  appears  at  1  Mk  ,  increas¬ 
ing  to  - 1 79  ppm  at  25  kOe  as  the  magnetization  rotates  against  a  large  anisotropy. 

In  an  effort  to  further  investigate  this  behavior  magnetic  moment  measurements  from 
4  -  300  K  were  performed  on  Tml-'e  .  The  findings  from  this  experiment  closely 
parallel  the  results  from  the  magnetostriction.  figure  12  shows  the  magnetization 
as  a  function  of  applied  field  at  T  =  300,  188  and  1.2  k.  The  \ument  curves  uepart 
from  saturation  at  approximately  190  K  and  arc  extremely  "hard"  by  4.2  k.  The 
temperature  dependence  of  the  magnetization  at  II  =  3,  10  and  10  kOe  is  shown  in 
Figure  1.3.  The  moment  was  found  to  decrease  with  temperature,  even  at  lo  kOe,  with 
the  largest  slope  occurring  in  the  region  200  K  >  T  ••  125  K.  Coupling  these  results 

with  the  magnetostriction  data,  we  infer  that  the  easv  axis  of  Tml-'e,  is  in  the  basal 

.1 

plane  at  high  temperature  with  a  rotation  occurring  between  100  k  and  175  k,  leaving 
the  magnetization  either  along  or  close  to  the  c-axis. 


B.  R. lo,,  COMPOUNDS 
— 0 — 2.3-— — — — - 

The  R^Fe^  compounds  crystallize  into  a  cubic  Th^Mn-^-type  structure.  The 
magnetostriction  of  these  compounds  was  found  to  be  well  behaved. 

The  strain  in  llo^Fe-,^  is  rather  small  as  in  the  Rfe^  and  RFc compounds. 

Figure  14  shows  the  field  dependence  of  the  magnetostriction  at  various  temperatures 
while  Figure  17  displays  the  temperature  dependence  at  il  =  25  kOe.  At  room  tempera¬ 
ture  A  -  Aj^  =  88  x  10  6  and  increases  only  to  269  x  J0(>  at  80  k.  A  compensation 
point  is  observed  at  193  K. 
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The  magnetostriction  of  I:r  f'e,.  ;ind  Tm^le,.  increases  substantially  with 
decreasing  temperature  due  to  the  rapid  ordering  of  t'r'  rare  earth  sublattice  in 
these  two  compounds,  figure  1?  shows  that  the  magnetostriction  of  F.r^fe.,.  at  25  KOe 
increases  nearly  '-fold  from  -S’’  x  10  fl  at  room  temperature  to  -592  x  10  ”  at  80  k. 

A  compensation  point  was  found  at  I'  =  100  K.  figure  15  shows  the  magnetostriction 
of  this  compound  as  a  function  of  applied  field  for  various  temperatures.  The 
magnetostriction  is  w<_  1  '  behaved  with  an  increasing  anisotropy  occurring  at  the 
lower  temperatures. 

Tm  l;c,-  undergoes  the  largest  change  of  any  of  the  K(  fe,-  compounds  (see 
figure  1")  increasing  nearly  10-fold  from  -5'  ppm  at  500  k  to  -5b2  ppm  at  SO  k  and 
reaching  -588  ppm  at  I  =  55  k,  the  lowest  temperature  measured.  I'm  fe,-  is  expected 
to  have  a  compensation  point  below  40  k.  figure  lb  shows  that  the  field  dependence 
of  the  magnetostriction  saturates  fairly  well  at  all  temperatures. 

The  magnetostrictions  of  Tb^Fe^^  and  Dy^fc^  are  not  reported  on  since  attempts 
to  prepare  single  phase  compounds  were  unsuccessful. 

The  signs  of  the  magnetostriction  for  the  R^fe,^  compounds,  as  well  as  all  com¬ 
pounds  of  the  RFe  series,  are  consistent  with  those  predicted  by  the  Stevens' 

1 7 

factor,  a. 
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JRE  2  ROOM  TEMPERATURE  MAGNETOSTRICTION  AS  A  FUNCTION  OF  APPLIED  FIELD 
FOR  VARIOUS  R6  Fe2  3  COMPOUNDS 
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FIGURE  5  MAGNETOSTRICTION  AS  A  FUNCTION  OF  APPLIED  FIELD  FOR 
SmFe3  AT  VARIOUS  TEMPERATURES 
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FIGURE  8  TEMPERATURE  DEPENDENCE  OF  THE  MAGNETOSTRICTION  FOR 
TbF«3,  SmF«],  DyF*,,  AND  HoFe3  ( - 25kOe, - 15kOe) 
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FIGURE  9  MAGNETOSTRICTION  AS  A  FUNCTION  OF  APPLIED  FIELD  FOR 
ErF»3  AT  VARIOUS  TEMPERATURES 
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FIGURE  10  MAGNETOSTRICTION  AS  A  FUNCTION  OF  APPLIED  FIELD  FOR 
TmFa,  AT  VARIOUS  TEMPERATURES 
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FIGURE  15  MAGNETOSTRICTION  AS  A  FUNCTION  OF  APPLIED  FIELD  FOR 
Er6Fe23  AT  VARIOUS  TEMPERATURES 
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FIGURE  17  TEMPERATURE  DEPENDENCE  OF  THE  MAGNETOSTRICTION 
AT  H  ■  25kOe  FOR  Ho6Fe23,  Er6Fe23  AND  Tm6Fe23 
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